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a-L-Rhamnosidases catalyze the hydrolysis of the terminal a-L-rhamnose residues in various carbo-
hydrates. The catalytic domains in most of these enzymes belong to the families GH78 and GH106 of
glycoside hydrolases. In this study, we show that almost all genes encoding the GH78- and GH106-
containing proteins frommembers of the poorly characterized bacterial phylum Acidobacteria orig-
inated from precursors belonging to the phylum Bacteroidetes. Members of the Acidobacteria and
Bacteroidetes display similar functional capabilities and specialize on degradation of plant-derived
organic matter. Several proposed lateral gene transfers between the Acidobacteria and Bacteroidetes
occurred presumably during specialization of these bacteria for their environments.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Glycoside hydrolases or glycosidases [EC 3.2.1] are a wide-
spread group of enzymes, which hydrolyze the glycosidic bonds
between two carbohydrates or between a carbohydrate and an
aglycone moiety. Glycosidase genes are found in the vast majority
of the living organisms and in some viruses. About 1% of all known
genes encode glycosidases and their close homologues. The assort-
ment of these genes in a genome varies signiﬁcantly depending on
the taxonomic position of the organism and its ecological niche.
Glycosidase genes often undergo duplications, elimination, and lat-
eral transfer [1]. Based on the sequence similarity of the catalytic
domains, glycoside hydrolases are grouped into 125 families
(GH1–GH130, except for GH21, GH40, GH41, GH60, and GH69)
according to the Carbohydrate-Active Enzymes (CAZy) classiﬁca-
tion (http://www.cazy.org/; [2]). Glycosidases with the same type
of enzymatic activity can often be found in several protein families
and sometimes can display different tertiary structure of the cata-
lytic domain (i.e. to be evolutionarily unrelated).
a-L-Rhamnosidasesor a-L-rhamnoside rhamnohydrolases [EC 3.2.
1.40] are glycoside hydrolases, which catalyze the hydrolysis of
terminal, non-reducing a-L-rhamnose residues in a-L-rhamnosideschemical Societies. Published by E
itute of Microbiology, Russian
/2, Moscow 117312, Russia.
Naumoff).including glycolipids and glycosides, such as plant pigments,
ﬂavonoid glycosides, pectic polysaccharides, and gums [3–7]. The
enzyme has wide occurrence in nature and has been reported from
animals, plants, yeasts, fungi, and bacteria [4–7].
Almost all currently known a-L-rhamnosidases belong to the
family GH78 of glycoside hydrolases. According to the CAZy data-
base, this family contains 470 proteins, including 13 proteins from
the Archaea, 394 proteins from the Bacteria, and 59 proteins from
members of the Eukaryota (Table 1 and Supplementary table).
Eighteen of these proteins are characterized biochemically and dis-
play the same type of enzymatic activity.
a-L-Rhamnosidase from Sphingomonas paucimobilis is the only
experimentally characterized representative of the family GH106,
which comprises 86 bacterial proteins according to the CAZy data-
base (Table 1 and Supplementary table). Only the families GH78
and GH106 of glycoside hydrolases are composed exclusively of
enzymes with the a-L-rhamnosidase activity. Notably, the most
abundant groups of proteins in both families (108 and 57 proteins
in GH78 and GH106, respectively) originate from bacteria of the
phylum Bacteroidetes (according to CAZy; Table 1). This is not sur-
prising since members of this phylum are known as efﬁcient
degraders of various macromolecules including complex polysac-
charides [8]. Genomes of these bacteria contain a signiﬁcant num-
ber of genes encoding carbohydrate-processing enzymes [8–11].
Our attention, however, was focused on a-L-rhamnosidases from
members of the poorly characterized bacterial phylum
Acidobacteria. The metabolic potential and the functional role oflsevier B.V. All rights reserved.
Table 1
Taxonomic distribution of GH78 and GH106 proteins according to the CAZy database.
Taxon GH78 GH106 Total
Acidobacteria 9 10 19
Actinobacteria 93 10 103
Archaeae 13 0 13
Bacteroidetes 108 57 165
Chloroﬂexi 11 0 11
Firmicutes 123 0 123
Fungi 58 0 58
Planctomycetes 6 0 6
Proteobacteria 28 5 33
Spirochaetes 5 0 5
Verrucomicrobia 3 2 5
Others 13 2 15
Total 470 86 556
Note. Taxonomic distribution of GH78 and GH106 proteins listed at the CAZy
database [2] on August 29, 2012 is indicated. For more information see table in the
supplements.
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phylum is represented by only a handful of isolates most of which
are versatile heterotrophs. The genomes of these organisms contain
a large number of glycosidase genes, placing them in the top 5% of
all bacterial genomes surveyed in the CAZy database [12]. In the
Acidobacteria, families GH78 and GH106 are represented by 18
proteins [13], which are encoded in ﬁve completely sequenced
genomes of Acidobacterium capsulatum ATCC 51196, Granulicella
mallensisMP5ACTX8, Granulicella tundricolaMP5ACTX9, Candidatus
Solibacter usitatus Ellin6076, and Terriglobus saanensis SP1PR4. As
revealed by our analysis, the majority of the closest homologues
of these acidobacterial proteins belong to members of the Bacteroi-
detes. Here, we describe our ﬁndings and suggest a lateral gene
transfer as an explanation for an unexpectedly high level of
sequence similarity of the hypothetical a-L-rhamnosidases from
the Acidobacteria and Bacteroidetes.
Preliminary results of this study were reported at the 8th Inter-
national Conference on Bioinformatics of Genome Regulation and
StructurenSystems Biology [14].
2. Methods and algorithms
Searches in the non-redundant protein database were per-
formed on March 15, 2012 in order to obtain the updated list of
proteins containing GH78 or GH106 domains. 25 and 69 isolated
catalytic domains of the most divergent representatives of GH78
and GH106 families, respectively, were used as the queries (see list
of the proteins in the Supplementary ﬁle). The exact borders of
GH78 domain were determined based on the experimental data
on the 3D structure for two family members (PDB, 2OKX and
3CIH). Approximate borders of the GH106 domain were deduced
based on homology to GH42 domain (PDB, 1KWG). In particular,
protein fragments from 397th to 722nd amino acid residues and
from 37th to 454th residues were used in the case of hypothetical
a-L-rhamnosidases from Acidobacterium capsulatum with GenPept
accession numbers ACO31354.1 (family GH78) and ACO34217.1
(GH106), respectively.
The results of blast searches with different queries were sum-
marized using the PSI Protein Classiﬁer program [15]. Detection
of a protein using the respective domain of a known family as a
query after the ﬁrst PSI-BLAST iteration with E-value 6107 was
the criterion used to classify this protein as the family member
[15–17].
Phylogenetic analysis of the families GH78 and GH106 was per-
formed using proteins selected based on the sequence similarity.
The closest homologues (according to E-value) of the acidobacteri-al proteins were preferentially chosen but only one representative
of a genus was usually used if several highly similar proteins were
available. As a rule, incomplete sequences were removed from the
analysis (for example, AEK44383.1, EEC98578.1, EEG21220.1, and
EHP36561.1). In total, 701 proteins (358 and 343 representatives
from GH78 and GH106 families, respectively) were used for build-
ing the multiple sequence alignments and the subsequent phyloge-
netic analysis (including 21 proteins from the phylum
Acidobacteria). The protein regions corresponding to PF05592 mod-
ule (see the Supplementary ﬁle) and those homologous to the full-
sized b-galactosidase from Thermus thermophilus (PDB, 1KWG)
were used for phylogenetic reconstruction of the GH78 and
GH106 families, respectively.
Multiple sequence alignments were produced manually with
the BioEdit program (http://www.mbio.ncsu.edu/BioEdit/bioed-
it.html). If long deletions were revealed in selected sequences or
some fragments showed no similarity to other sequences, the cor-
responding nucleotide sequences were analyzed in the three read-
ing frames. In the case of some eukaryotic sequences (GenPept:
EDQ48560.1, EGR44690.1, EGU84335.1, and EHL01716.1), the
exon–intron structures of the genes were reﬁned to increase the
similarity as far as possible. Position of the start and stop codons
were changed in several sequences in order to continue the region
of homology. In several sequences, frameshifts and stop codons in
the frame were ignored. GenPept accession numbers of the edited
amino acid sequences are listed in the Supplementary ﬁle and are
shown in ﬁgures in lowercase letters.
After omission of the most variable sequence fragments, phylo-
genetic trees were constructed with the PROTPARS program (Pro-
tein Sequence Parsimony Method, MP) and the NEIGHBOR
program (Neighbor-Joining Method, NJ) from the PHYLIP package
(http://evolution.gs.washington.edu/phylip.html). The conﬁdence
limits for each node obtained in both kinds of trees were estimated
by 100 bootstrap replicates.
3. Results
3.1. Protein collection
Our search for GH78- and GH106-related sequences yielded
1222 and 486 proteins, respectively. These sequence pools far ex-
ceed those indicated at the CAZy site (470 proteins from the family
GH78 and 86 proteins from the family GH106). In total, 9 and 12
proteins from the phylum Acidobacteria were found in the families
GH78 and GH106, respectively. Domain structure of these proteins
is described in the Supplementary ﬁle.
3.2. Phylogenetic analysis of the GH78 domains
The multiple sequence alignment of 358 GH78-containing pro-
teins (including 9 proteins from the phylum Acidobacteria, shown
in Fig. 1) was used for the phylogenetic reconstruction of the fam-
ily evolution. We obtained the neighbor-joining (NJ; Fig. 2) and the
maximum parsimony (MP; data not presented) trees. Both trees
display a similar topology suggesting the correct interpretation of
the evolutionary events. Five acidobacterial proteins compose
two stable clusters (100% of bootstrap support on NJ- and MP-
trees) and the other four proteins are spread over the trees. There-
fore, the acidobacterial proteins belong to six different clusters,
which are discussed below.
The cluster A (Fig. 2A) contains one of the proteins from
Solibacter usitatus (GenPept, ABJ84713.1), which is arranged among
proteins from various representatives of the phylum Bacteroidetes
(Fig. 2B). The other Solibacter usitatus protein (ABJ86506.1)
composes the sister group for a large cluster of proteins from the
Fig. 1. Fragment of the multiple sequence alignment of the GH78 domains from nine acidobacterial proteins. Protein identiﬁers according to GenPept database are indicated
in the leftmost column. Distances to the N- and C-termini and length of omitted fragments are indicated. Highly conserved residues are highlighted in the sequences. Five
amino acid residues involved in the substrate recognition and/or catalysis in a-L-rhamnosidase from Bacillus sp. (GenPept, BAB62315.1; [32]) are indicated by asterisks above
and below the alignment. At the bottom of the ﬁgure, the primary and secondary structures of two proteins with the known 3D structure (PDB, 2OKX and 3CIH) are shown:
letters a correspond to the a-helices.
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cluster with 100% of bootstrap support in NJ- and MP-trees. The
cluster B (Fig. 2A) contains two proteins from Acidobacterium
capsulatum (ACO31354.1 and ACO32535.1). Inside the cluster, these
two proteins are located closely to a large group of proteins from
the Bacteroidetes in both NJ- and MP-trees (Fig. 2C). One of the
proteins from Terriglobus saanensis (ADV81465.1) belongs to the
cluster C (Fig. 2A), where it composes a stable group (96% and
100% of bootstrap support in NJ- and MP-trees, respectively)
together with some representatives of the phyla Planctomycetes
(CAD71725.1 and EGF28906.1) and Verrucomicrobia (EEG18028.1).
Again, in both NJ- and MP-trees this group is located closely to a
large cluster of proteins from various Bacteroidetes (Fig. 2D). One
of the proteins from Granulicella mallensis (AEU36650.1) belongs
to a small cluster of proteins (mainly from the phylum Actinobacte-
ria), which is located closely to a large cluster of proteins from the
Bacteroidetes (Fig. 2A). Finally, the cluster D includes the other three
acidobacterial proteins from Granulicella mallensis (AEU36344.1), G.
tundricola (ADW71166.1), and Terriglobus saanensis (ADV81830.1)
(Fig. 2A and E). The subcluster composed of these three proteins
forms a stable common cluster (96% and 86% of bootstrap support100
74
51
78
20 seq (Bac) 99
11 seq (Cre, Dic, Fir, Spi, The, Ver) 76 68
Cluster D (110 seq) 100
ABJ86506.1 (Aci)
100
70
60
100
AEU36650.1 (Aci)
ADJ45446.1 (Act)
EEG28728.1 (Fir)
ADB31696.1 (Act)
EFD71473.1 (Act)
21 seq (Bac) 100
34
97
69
(A)
Fig. 2. Phylogenetic tree of the GH78 family reconstructed by the neighbor-joining meth
Each node was tested using the bootstrap approach and the number of supporting pseudo
each cluster is indicated. Abbreviations: Aci – Acidobacteria, Act –Actinobacteria, Bac – Ba
Eur – Euryarchaeota, Fir – Firmicutes, Fun – Fungi, Len – Lentisphaerae, Pro – Proteobac
Verrucomicrobia, and Vir – Viridiplantae. Proteins as well as clusters of proteins from Acid
respectively (except Fig. 2A). Other color indications are as follows: (A) Acidobacterial pr
shaded by yellow. Clusters composed of proteins from Bacteroidetes are shown in green
Firmicutes is shaded by grey. (D) Clusters of proteins from Firmicutes and Planctomycetes a
Proteobacteria are shaded by grey.on NJ- and MP-trees, respectively) with a few representatives of
the phylum Proteobacteria. Cluster D contains some proteins from
the phylum Bacteroidetes but they are a minority among others.
3.3. Phylogenetic analysis of the GH106 domains
343 GH106-containing proteins (including 12 proteins from the
phylum Acidobacteria) were used for the multiple sequence align-
ment and the subsequent phylogenetic analysis. Both the NJ-
(Fig. 3) and MP-trees (data not shown) display a similar topology.
Nine acidobacterial proteins compose three stable clusters (100%
of bootstrap support in NJ- and MP-trees) and the other three pro-
teins are spread over the trees. Therefore, the acidobacterial pro-
teins belong to six different clusters.
The largest acidobacterial cluster in the trees is composed of
proteins encoded in all aforementioned genomes: Acidobacterium
capsulatum (ACO34217.1), Granulicella mallensis (AEU36619.1), G.
tundricola (ADW68273.1), Solibacter usitatus (ABJ86898.1), and
Terriglobus saanensis (ADV82520.1). This suggests existence of the
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ter also includes a protein (AEQ20323.1) from uncultured bacte-
rium CSLG10. Sequence analysis (data not shown) of the
corresponding genome fragment (GenBank, JF429405.1) indicates
that the closest homologues for the majority of CSLG10-encoded
proteins afﬁliate with the Acidobacteria, which suggests that
CSLG10 is a member of this phylum. Together with a unique
actinobacterial protein (ACU86729.1) and two proteins from the
Firmicutes (EGB94736.1 and EGN31253.1), these six acidobacterial
proteins form a stable cluster (87% and 86% of bootstrap support on
NJ- and MP-trees, respectively). Several dozens of the closest
relatives for these proteins are almost exclusively represented bymembers of the Bacteroidetes (Fig. 3). This large group of proteins
from the Bacteroidetes also includes two proteins from the Verruco-
microbia (ACB74631.1 and EDY84435.1) suggesting the lateral
transfer of the corresponding gene(s).
The second acidobacterial cluster is composed of proteins from
Acidobacterium capsulatum (ACO34516.1) and Terriglobus saanensis
(ADV83038.1) as well as from an arsenic-contaminated mine
drainage metagenome (CBI08535.1). Sequence analysis (data not
shown) of the corresponding metagenome fragment (GenBank,
CABQ01000236.1) indicates that the closest homologues for
almost all proteins encoded by this fragment afﬁliate with the
Acidobacteria, suggesting that this fragment also belongs to a
Cluster B (61 sequences)
EGB12200.1 (Eukaryota: Pelagophyceae)
ACT93515.1 (Bac) 63
100
EGN43495.1 (Fir)
EFB00611.1 (Len)
EFB01131.1 (Len)77
AEI41762.1 (Fir)
ACT03867.1 (Fir)99
17
EEB27141.1
ADZ77066.1
EFI06282.158
98
EFZ37812.1
EGK02268.1
ACU03181.116
ADQ17461.1
ACU04507.1
AEL25889.1
efs33192.1
EDO11217.1100
EGF58732.1
EDN86545.1
EEC96420.186
97
EFI08231.1
EFK62204.1
EEU51467.170
96
53
78
18
11
13
13
20
22
20
85
70
ACO32535.1
ACO31354.1100
EEG29432.1 (Fir)
53
EEH67099.1 (Act)
EFB02741.1 (Len)
EED86494.1 (Eukaryota: Bacillariophyta)100
88
EFA27034.1
ACT63650.1
EGN42898.1
CBL22607.1
EDM87013.1100
54
eev34038.1
EEI60425.1
EEV61557.173
EFF27239.1
EAN11026.1
EEV47606.138
55
100
84
66
70
98
ACT02304.1 (Fir)
AEI44466.1 (Fir)100
ABQ07113.1
ADZ78891.1
ACU04972.1
ACU60216.1
ADY51050.1
EFQ77765.1
EFQ74053.1100
66
42
46
58
50
EFI72424.1
EDU99803.1
EFV30659.1
ABR40300.1
EEF91781.1
AAO76108.1
EES70341.192
CBK65632.1
EFI39895.168
EFS29403.1
EEX45495.189
58
86
70
51
52
98
57
92
99
95
52
94
100
Bacteroidetes
Bacteroidetes
Acidobacteria
Firmicutes
(C)
Fig. 2. (continued)
D.G. Naumoff, S.N. Dedysh / FEBS Letters 586 (2012) 3843–3851 3847bacterium from this phylum. This cluster of three acidobacterial
proteins forms the sister group for a cluster of eight proteins from
the Bacteroidetes. Other closest relatives are ﬁve proteobacterial
(ABD26167.1, BAD12237.1, CCA90848.1, EGF91017.1, and EHJ
59306.1) and two actinobacterial (ACL41491.1 and BAJ74682.1)
proteins. Taken together, these 18 proteins form a very stable clus-
ter (100% of bootstrap support) on NJ- (Fig. 3) and MP-trees. The
sister group for this cluster is formed by two proteins representing
the Acidobacteria (AEU35230.1 from Granulicella mallensis) and Ver-
rucomicrobia (ACB75560.1). These two proteins form a common
cluster with 100% of bootstrap support in both trees. The cluster
composed of these 20 proteins is also quite stable (90% and 88%
of bootstrap support in NJ- and MP-trees, respectively). Several
dozens of the closest relatives for this cluster are represented
mainly by proteins from various Bacteroidetes and by a few
proteins from the Acidobacteria (ADV83420.1), Proteobacteria
(Glaciecola sp.: ZP_03560443.1, ZP_03560707.1, and ZP_0356
1347.1), and Verrucomicrobia (EEG22042.1 and EHP35243.1)
(Fig. 3). The acidobacterial protein (ADV83420.1) belongs toTerriglobus saanensis and is located inside a stable subcluster of
proteins from the Bacteroidetes.
Finally, the remaining three acidobacterial proteins belong to a
large and taxonomically very heterogeneous cluster of proteins,
which we consider as the outgroup (Fig. 3). This cluster includes
representatives of the bacterial phyla Acidobacteria, Actinobacteria,
Bacteroidetes, Deinococcus-Thermus, Dictyoglomi, Firmicutes,
Lentisphaerae, Spirochaetes, Thermotogae, and Verrucomicrobia, as
well as some Archaea (Caldivirga maquilingensis and Ignisphaera
aggregans) and Eukaryota (several fungi and Physcomitrella patens).
Notably,manyproteins in this cluster (including the three acidobac-
terial proteins) are not included in the list of GH106-containing pro-
teins at the CAZy site, which reﬂects their distant similarity to the
other members of the family. Two acidobacterial proteins from
Granulicella mallensis (AEU36643.1) and G. tundricola (ADW
70969.1) form a common subclusterwith 100% of bootstrap support
inboth trees. These twoproteinsare theonlyacidobacterial proteins,
which do not contain the C-terminal PF02837 domain (see the Sup-
plementary ﬁle). The sister group for these acidobacterial proteins
Planctomycetes
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EEG28617.1 (Fir)
ADB30448.1 (Act)55
49
CBG75140.1 (Act)
edm62916.1
EDO60159.1
EEG31690.161
AEB74357.1
EEI70948.1
EDY97810.1
EEN79838.1100
53
100
51
98
37
EFB00731.1 (Len)
ADV81465.1 (Acidobacteria) 
EEG18028.1 (Ver) 
43
CAD71725.1
EGF28906.1100
96
EHB92376.1 (Bac) 
EGX50846.1 (Fungi)
eeg20350.1 (Ver) 23
EAP95054.1 (Pro)
ADY12212.1 (Spi)90
EAZ83095.1
AEI48975.1
AEL26413.163
100
AEE51011.1
ADB42387.1
ACU63540.179
16
ACU06165.1
EDM38494.1
EDN86956.1
EEC94775.1100
87
52
21
15
8
20
77
83
37
99
87
ACT03635.1
EET58911.1
AEN95938.154
CBL08197.1
CBL12709.1
EEV02420.149
99
100
100
ADB62757.1 (Eur)
AEH39065.1 (Eur)100
ABK03351.1 (Act)
ACL41079.1 (Act)
ADX74358.1 (Act)90
100
ADI06126.1 (Act)
87
100
92
100
Bacteroidetes
Firmicutes
Firmicutes
(D)
Fig. 2. (continued)
3848 D.G. Naumoff, S.N. Dedysh / FEBS Letters 586 (2012) 3843–3851is formed by two subclusters composed of the Bacteroidetes and
Firmicutes (Fig. 3). All together, these three subclusters form a stable
cluster with 98% and 100% of bootstrap support in NJ- andMP-trees,
respectively. The third acidobacterial protein (ADV83033.1) belongs
to Terriglobus saanensis and form a common cluster with a protein
from the Firmicutes (EDP12827.1) in both trees.
4. Discussion
a-L-Rhamnosidases have been demonstrated to be of biotech-
nological utility with many possible applications, directed to the
food, pharmaceutical and chemical industries. The a-L-rhamnosi-
dase, as a component of naringinase enzyme, is used in orange
and grapefruit processing to improve pulp washing, to increase
the recovery yield of essential oils, and to debitter and clarify the
juice. This enzyme is also used for aroma enhancement in wine
making and for preparation of many drugs as well as L-rhamnose.
The latter plays the role of chiral intermediate in the organic syn-
thesis of pharmaceutically important and plant protective agents
[3–7].
The ecological role of microorganisms possessing a-L-rhamno-
sidases remains largely underappreciated. These organisms con-
tribute to degradation of various glycolipids and glycosides, such
as plant pigments, ﬂavonoid glycosides, and pectic polysaccha-
rides. The latter are an important structural component of plant
cell walls and, therefore, a-L-rhamnosidases are among the en-
zymes required for decomposition of plant debris. The wide occur-
rence of these enzymes in members of the well-studied phylum
Bacteroidetes appears to be logical since this bacterial group is re-
garded as being specialized in the degradation of high molecularweight organic matter (reviewed in [8]). The abilities to efﬁciently
degrade complex biopolymers and to colonize surfaces determine
wide distribution of the Bacteroidetes in various environments,
where they play a key role in degradation of plant-derived organic
matter, one of the major processes mediated by microorganisms in
the global carbon cycle.
By contrast, the possible role of the Acidobacteria in degrading
plant polymers remains poorly understood due to a limited number
of cultivated representatives and their slow growth rates. Many of
the currently characterized acidobacteria appear to be capable of
degrading various plant-derived polymers, such as pectin, xylan,
laminarin, lichenan, starch, and cellulose [18–21]. Some
acidobacteria display the ability to degrade heteropolysaccharides
of microbial origin, such as a capsular material produced by
methanotrophs and gellan gum [22]. The latter is the exopolysac-
charide produced by Sphingomonas elodea and consists of a linear
repeating tetrasaccharide composed of D-glucose, D-glucuronic acid,
and L-rhamnose [23]. a-L-Rhamnosidases act after this polysaccha-
ride is cleaved into the tetrasaccharides by gellan lyases.
Ecological distributions of the Acidobacteria and Bacteroidetes
have much in common, with the only difference that Acidobacteria
are more typical for terrestrial environments. Members of this phy-
lum are among the most abundant bacteria in various soils and
peatlands [24,25]. The pattern of acidobacterial diversity in soils
enriched with plant polymers is different from that in mineral soils,
and hydrolytic acidobacteria can be enriched from these soils on
media containing xylan, xanthan, pectin, and methyl cellulose
[21]. The plant debris produced in peatlands originates largely from
Sphagnum mosses, which contain speciﬁc polysaccharides identi-
ﬁed as rhamnogalacturonan I-type pectins [26]. The latter are good
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Therefore, both the Acidobacteria and Bacteroidetes tend to inha-
bit eco-niches supplied with plant-derived organic matter, where
they specialize on its degradation. Notably, members of both phyla
do not ﬁx N2 and do not participate in transformations of mineral
nitrogen. Despite the obvious similarity in functional capabilities,
members of the Acidobacteria and Bacteroidetes display different
ecological strategies. The latter are among fast-growing bacteriaand fast-acting decomposers of organic matter, while the former
are slow-acting decomposers, which tend to oligotrophic life-
styles.
The genome sizes in ﬁve acidobacteria discussed in this paper
vary between 4.1 Mb in Acidobacterium capsulatum and 9.9 Mb in
Candidatus Solibacter usitatus Ellin6076 [12,13]. Interestingly, the
comparative genome analysis indicated that the large genome of
Candidatus Solibacter usitatus has arisen by lateral gene transfer
via ancient bacteriophage and/or plasmid-mediated transduction,
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creased number of paralogues [27].
All ﬁve acidobacterial species, which genomes encode hypo-
thetical a-L-rhamnosidases, possess both GH78- and GH106-
containing proteins. This suggests that these two types of the
enzyme can have a synergistic effect. Indeed, some deference in
speciﬁcity of these enzymes has been found: GH106-containing
proteins tend to preferentially hydrolyze the glycosidic bond
between the a-L-rhamnopyranoside residue and an aglycone
moiety [28,29].
According to the results of our analysis, some acidobacteria,
such as photoheterotroph Candidatus Chloracidobacterium
thermophilum and heterotroph Candidatus Koribacter versatilisEllin345, do not possess GH78- and GH106-containing proteins.
This indicates that the presence of a-L-rhamnosidases in various
Acidobacteria is not a phylogenetic trace but a selective advantage,
which has been acquired during specialization for their particular
environments. This advantage is evidenced by the occurrence of
multiple copies of hypothetical a-L-rhamnosidases: we found that
each genome contains at least three genes which could encode this
enzyme.
Nowadays, availability of several thousands of completely se-
quenced prokaryotic genomes opens a possibility of assessing the
distribution and abundance of any gene among different taxo-
nomic groups. The Actinobacteria, Firmicutes, and Proteobacteria
are the obvious leaders among prokaryotic phyla both by the
D.G. Naumoff, S.N. Dedysh / FEBS Letters 586 (2012) 3843–3851 3851number of validly described species [30] and by the number of
publically available genome projects [31]. Underrepresentation of
a particular gene in any of these phyla (as well as its signiﬁcant
overrepresentation in some other phyla) indicates the environ-
mentally speciﬁc signiﬁcance of the corresponding protein. In this
sense, a-L-rhamnosidase genes are the typical example of environ-
mentally relevant gene families. According to the CAZy database
(Table 1 and Supplementary table), GH78-containing proteins are
overrepresented in the phylum Bacteroidetes (108 proteins)
and underrepresented in the Proteobacteria (28) compared to
the Actinobacteria (93) and Firmicutes (123). However, GH106-
containing proteins are overrepresented in the phyla Acidobacteria
(10) and Bacteroidetes (57) and underrepresented in the Firmicutes
(none) compared to the Actinobacteria (10) and Proteobacteria (5).
The mosaic distribution of proteins representing high variety of
living organisms in GH78- and GH106-phylogenetic trees suggests
multiple events of the lateral gene transfer during the evolution as
well as the gene duplication and elimination events (Figs. 2 and 3).
Particularly, almost all genes encoding a-L-rhamnosidases from the
phyla Acidobacteria, Planctomycetes, and Verrucomicrobia, most
likely, originated from precursors belonging to the Bacteroidetes
(Figs. 2 and 3). One possible exception is the cluster of three acido-
bacterial proteins located closely to a proteobacterial cluster
(Fig. 2E). The latter, however, includes few proteins only, which
suggests the lateral transfer as the origin of the corresponding pro-
teobacterial genes.
At the end of August 2012, while revising the manuscript
according to the referee’s comments, we repeated the blast
searches in the protein database using the same queries. As the re-
sult, we obtained 1420 and 561 proteins containing GH78 and
GH106 domains, respectively. Particularly, two additional acido-
bacterial proteins were found. One of them is GH78-containing
protein (GenPept, EHP07364.1) from Holophaga foetida DSM
6591, which is not closely related to any of its acidobacterial
homologues. Most likely, the gene encoding this protein was ob-
tained by a lateral transfer from a fungus. The other one is
GH106-containing protein (AFL87438.1) from Terriglobus roseus
DSM 18391. It does belong to the largest acidobacterial cluster de-
picted in Fig. 3 and displays 48% sequence identity with the protein
from Terriglobus saanensis (ADV82520.1).Acknowledgment
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